Abstract. Increases in abscisic acid (ABA) concentrations in plant tissues correlate with growth inhibition in salt-stressed plants. Therefore, it was hypothesized that Arabidopsis ABA mutants different in, or insensitive to, ABA would respond differently than wild type (wt) to salinity stress. Seeds (wt, abi1-1, abi2-1, abi3-1, and aba1-3) were germinated and grown hydroponically in three separate experiments with different environmental conditions: relative humidity at 80 or 100%, day/night temperatures at 21/18 or 23/20°C, and light intensity at 125, 200 or 350 µmol photons m -2 s -1 . Plants were exposed to salinity (either 0, 40 and 80 mM NaCl or 1, 5, and 9 dS m -1 with a Na/Ca ratio of 10 depending on the experiment) for one to several weeks before harvesting. The effect of salinity on root elongation rates of young seedlings was measured as well. Two-way ANOVA of root elongation rates of young seedlings and the growth of 3-week old plants in hydroponic solutions indicated that salinity inhibited growth, increased ABA and Na concentrations, and reduced K concentrations in all genotypes tested. However, there were no significant interactions with salinity and genotype for root elongation rates, total dry weight, shoot ABA and K concentrations. Shoot Na concentrations were significantly higher in wt plants relative to other genotypes subjected to high salinity stress. aba1-3 had significantly lower ABA concentrations than other genotypes, but the interaction of aba1-3 with salinity was the same as other genotypes. The lack of difference in interaction between genotype and salinity indicates that all genotypes responded in the same manner and amount to salinity for the particular parameter measured. Therefore, it appears that there are no significant differences in growth in response to salinity between the ABA mutants (ABA-deficient and ABA-insensitive) and wt. However, in contrast to the other genotypes, some of the ABA-deficient plants, aba1-3, died when exposed to high salinity and high light intensity. ABA appears to provide a protective role in conditions of high salinity and high light intensity.
Introduction
Salinity stress causes increases in the plant stress hormone ABA. ABA is thought to have important functional roles in plants, including prevention of water loss by closing stomata, synthesis of solutes for osmotic adjustment, and synthesis of dehydrins and other molecules to protect the cell against dehydration (Leung and Giraudat 1998; Netting 2000) . However, ABA is also a growth inhibitor; its tissue concentration correlates well with the growth inhibition of salt-stressed plants (Cramer 1994; He and Cramer 1996; Montero et al. 1997; Cramer et al. 1998; Montero et al. 1998) . In addition, recent evidence with ABA-deficient mutants shows that ABA has important interactions with another stress hormone, ethylene, which can be quite important in root responses to osmotic stress (Beaudoin et al. 2000; Ghassemian et al. 2000; Spollen et al. 2000) . Thus, the hormonal response of salt-stressed plants is likely to be quite complex.
In another report (Cramer and Quarrie 2001) , we showed that the inhibition of leaf growth of salt-stressed maize was highly correlated with ABA concentrations in the growing zone of that leaf. As ABA concentrations increased above normal levels for that plant, leaf elongation was proportionately inhibited, indicating that ABA may be responsible for growth inhibition in these salt-stressed plants.
If this hypothesis is correct, then ABA-deficient and ABA-insensitive mutants should have less growth inhibition than normal plants. In this report, the role of ABA in the salt tolerance of plants using both ABA-deficient and ABA-insensitive mutants of Arabidopsis is examined.
Materials and methods
A series of salinity experiments have been conducted since 1994 on ABA mutants of Arabidopsis, which were exposed to a variety of growth conditions depending upon the technology available in the laboratory at the time of the experiment. Each experiment is described below.
Experimental design
All experiments consisted of a 5 × 3 factorial (genotype × salinity) completely randomized design. Statistical differences were determined by two-way ANOVA using Statview (SAS Institute Inc., Cary, NC, USA). In particular, the interaction term between genotype and salinity was considered significant if the probability, P≤0.05. This established if any genotypes responded differently to salinity.
Abbreviations used: LER, leaf elongation rate; Ler, Landsberg erecta; wt, wild type.
Experiment 1
Seeds of wt of the Landsberg erecta (Ler) accession of Arabidopsis thaliana (L.) Heynh. and four ABA mutants (abi1-1, abi2-1, abi3-1, and aba1-3) from this accession were germinated on cheesecloth wicks placed in the top of 800-mL containers (wrapped in aluminium foil) filled with 0.25 Hoagland's solution (Cramer and Bowman 1991) . Small aliquots of seeds were originally received from the Arabidopsis Biological Resource Centre at Ohio State University as CS 20, CS 22, CS 23, CS 24 and CS 3100, respectively. CS 3100 was referred to previously as aba3 (Cramer and Jones 1996) . Seeds were subsequently reproduced in our facilities under the environmental and nutrient conditions used for the experiments to provide uniform seed quality and seedling vigour. Plants were grown in growth chambers set at 23°C and 80% relative humidity with 10-h days (day/night temperatures were the same). High humidity was used so that the ABA mutants would be able to grow relatively normally and not have compounding effects due to wilting. Photosynthetically active radiation (PAR) was a mixture of fluorescent and incandescent lights set at 200 µmol m -2 s -1 . After 1 week, plants were thinned to have two uniformly-sized plants per container. Plants were salt-stressed (0, 40 and 80 mM NaCl) and grown for 21 d. Each treatment was replicated five times in a completely randomized design. Fresh weights were determined immediately after harvest (within 10 s). Immediately after fresh weight measurements, leaf area was determined with a LI-COR portable leaf area meter (model LI 3000A; Li-Cor, Lincoln, NE, USA). Plant tissue dry weights were determined after 2 d in an oven set at 65°C
Experiment 2
Arabidopsis (Ler) seeds (wt, abi1-1, abi2-1, abi3-1, aba1-3) were germinated and the plants grown hydroponically in an improved experimental system specifically designed for Arabidopsis (Gibeaut et al. 1997) . Plants were grown in a growth chamber with a 12-h day/night cycle and temperatures at 23/20°C. PAR was a mixture of fluorescent and incandescent lights set at 125 µmol m -2 s -1 . Six plants (subsamples) of each of the five genotypes were grown in each tub (30 plants per tub). One tub was grown for each treatment (1, 5, and 9 dS m -1 with a Na/Ca ratio of 10) for each experiment. These treatments were approximately equal to those in Experiment 1, except that supplemental Ca was added as CaCl 2 to reduce the risk of sodic effects confounding the salinity and osmotic effects (Greenway and Munns 1980) . Size constraints of the growth chamber prevented additional tubs. The tubs were covered with clear plastic lids to bring the relative humidity close to 100% (water vapour condensed on the interior of the lid) to further reduce the possibility of confounding effects due to loss of stomatal control of the ABA mutants. Plants were salted 26 d after planting, when plants had a well-established root system, and harvested a week later. The experiment was repeated once at a later date. Therefore, there were two replicates in total for each treatment. Subsamples of each tub were pooled for data analysis. Plant tissue dry weights were determined after 2 d in an oven set at 65°C.
Experiment 3
Arabidopsis (Ler) seeds (wt, abi1-1, abi2-1, abi3-1, aba1-3) were germinated and the plants grown hydroponically in the same manner as Experiment 2. However, plants were grown in a larger growth chamber at a higher light intensity (mixed fluorescent and incandescent) of 350 µmol photons m -2 s -1 with a 12-h day/night cycle and 21/18°C. Six plants (subsamples) of each of the five genotypes were grown in each tub. Two tubs were grown for each treatment (1, 5, and 9 dS m -1 with a Na/Ca ratio of 10) for each experiment. The tubs were covered with clear plastic lids to bring the relative humidity close to 100%, as in Experiment 2. Plants were salted 24 d after planting, when plants had a well-established root system, and harvested a week later. Harvested plant tissues were immediately frozen in liquid N 2 (within 10 s of harvest) and freeze-dried, before weighing and subsequent ABA and ion analyses. The experiment was repeated once at a later date. Therefore, there were four replicates in total for each treatment. The six subsamples of each tub were pooled as a single replicate for data analysis.
Experiment 4
Arabidopsis (Ler) seeds (wt, abi1-1, abi2-1, abi3-1, and aba1-3) were germinated in square petri dishes containing 1% bacto-agar, 1% sucrose, along with mineral nutrients and salt solutions identical to those in Experiment 2. Four seeds of each genotype were placed on a single dish. There were 10 dishes for each salt treatment. Dish edges were wrapped with Parafilm to prevent water loss. Dishes were placed in a growth chamber with identical conditions as Experiment 3. Dishes were placed on their sides on a slight slant (near vertical) to encourage downward growth along the bottom of the dish. This facilitated analysis of root length. The bottoms of the dishes were scanned every 2 d. The captured digital images were analysed using National Institutes of Health Image software. The root length is the sum of the length of all roots (including laterals) on one plant. Root elongation rate was calculated from the difference in root length between two different measurements on different days.
Ion analysis
Freeze-dried tissues from pooled samples in Experiment 3 were ground and extracted with 0. 5 N HNO 3 for 30 min on a shaking water bath. Extracted samples were analysed for Na and K by flame photometry.
ABA analysis
Freeze-dried tissues from pooled samples in Experiment 3 were ground and extracted with distilled-deionized water (2-5°C) overnight and analysed by radio-immunoassay as previously described (Cramer et al. 1998) .
Results
In our initial experiment (Experiment 1), all plants grew at 80% relative humidity without visible signs of wilting. However, ABA mutants wilted rapidly upon removal of the plants from the growth chambers (within a minute or two). In Experiment 1, increasing levels of salinity significantly reduced various growth parameters (i.e. fresh and dry weight of leaves and roots, leaf fresh/dry weight ratios, total dry weight of the plant, and leaf area). No significant genotype × salinity interactions (P>0.05) were found for any of these growth parameters (data not shown). For example, there were no significant differences in the reduction of leaf area and total dry weight by salinity for all genotypes (Fig.  1) . These data are expressed as a percentage of control to more easily visualize the relative changes in each genotype. There were significant differences in size between genotypes with aba1-3 being much smaller than the other genotypes (data not shown, but see Fig. 2 as an example).
In Experiment 2, where the relative humidity was increased to near 100%, there were significant effects of salinity and genotype on plant size, but no significant interactions (P=0.97) between salinity and genotype in total dry weight (data not shown). Likewise, in Experiment 3 there were significant genotype and salinity effects (P<0.01). Experiment 3 also had nearly 100% relative humidity, but in contrast to Experiment 2, also had near optimal light intensity for growth in stress-free conditions. Notably, aba1-3 was smaller than the other genotypes in this experiment and in all other experiments conducted. The abi2-1 control plants were unusually small in this experiment, but this was not the case in other experiments, and is probably due to random error. In Experiment 3, no significant interactions (P=0.99) between salinity and genotype in total dry weight were observed (Fig. 2) , indicating that the growth response of all genotypes to salinity was proportionally the same.
However, there was a significant difference (P<0.01) between genotypes in survival at high salinity. Only aba1-3 plants died at high salinity (about one-third of them). This response was observed only in experiments with high light intensity.
To examine the possible cause of death and growth inhibition in these plants, shoot cation and ABA concentrations were examined. Only the two highest cation concentrations (K + and Na + ) were examined because they represent the major bulk of the ionic strength of the tissue sap. Anions were not considered because it is assumed that the anionic concentration is equal to the cationic concentration.
K concentrations in the shoot were not significantly different in all genotypes (Fig. 3) . Salinity significantly reduced K concentrations, but there was no significant interaction between genotype and salinity (P=0.88). Na concentrations in the shoot significantly increased with salinity level (Fig. 4) . There was a significant interaction between salinity and genotype (P=0.048) with the wt having significantly higher Na concentrations at high salinity only. Thus, cation concentrations cannot account for the death of aba1-3. In addition, the growth response to salinity was the same for all genotypes (Fig. 2) , indicating that the higher Na concentration in wt at high salinity was not additionally detrimental to the plant.
Shoot ABA concentrations were significantly lower in aba1-3 compared with all other genotypes at all salinity levels (Fig. 5) . Salinity proportionately increased the ABA concentration for all genotypes so that the interaction between genotype and salinity was not significant (P=0.73). aba1-3 abi1-1 abi2-1 abi3-1 wt Genotype Fig. 3 . Shoot K concentrations (µg g -1 dry weight) of plants in Fig. 2 . Bars are the same salinity treatment as in Fig. 2 and represent means ± SE.
In Experiment 4, the response of young seedling root elongation to salinity was examined, since long-term shoot growth (and total plant dry weight) was not significantly different among genotypes. Only data from the end of the experiments are shown, because they sum all the effects over time, making differences in growth more apparent, and these data reflect similar responses at earlier times. Significant genotype differences were observed in final root length (Fig. 6 ) and root elongation rate (Fig. 7) . Root growth was significantly slower for aba1-3 compared with wt, and this is consistent with long-term growth at near 100% relative humidity (Experiments 2 and 3). Root growth of abi2-1 and abi3-1 was also reduced compared with wt, but this was not consistent with long-term growth responses at near 100% relative humidity. Root growth of abi1-1 was not significantly different from wt.
Salinity reduced the root length and elongation rate of all genotypes. Salinity appears to proportionately inhibit the root length and elongation rate of aba1-3 to a greater extent than other genotypes, but the interaction between genotype and salinity was not significant for root length (P=0.70) or root elongation rate (P=0.79). These small differences may be real, but apparently are not that significant, especially in light of the fact that long-term responses of whole mature plants show no significant differences in response to salinity (Experiments 1-3).
Discussion
In other studies (Cramer 1994; He and Cramer 1996; Montero et al. 1997; Cramer et al. 1998; Montero et al. 1998) , the steady-state ABA concentrations of salt-stressed plants are highly correlated with the reduction of leaf expansion, but it is clear from the experiments in this paper that ABA concentrations in the total tissue are not necessarily responsible for the growth reduction.
There has been a lack of correlation of internal ABA concentrations with leaf elongation rate (LER) in some studies of drought-stressed plants (Dodd and Davies 1996; Salah and Tardieu 1997) . In drought-stressed barley, wheat and maize leaves, there appeared to be an interaction between drought stress and the internal ABA concentrations -1, abi2-1 and abi3-1) , and ABA-deficient genotype (aba1-3) of Arabidopsis 9 d after planting (Experiment 4). Bars are the same salinity treatment level as in Fig. 2 and represent means ± SE. Fig. 7 . Effect of salinity on the root elongation rate of wt, ABA-insensitive mutants (abi1-1, abi2-1 and abi3-1) , and ABA-deficient genotype (aba1-3) of Arabidopsis 8 d after planting (Experiment 4). Bars are the same salinity treatment level as in Fig. 2 and represent means ± SE. of the growing zone of the leaf (Dodd and Davies 1996) . Drought-stressed plants may become more sensitive to internal (+)-ABA concentrations of the growing zone of the leaf, causing a greater reduction of LER per amount of internal (+)-ABA. This is clearly not the case in a previous study of salt-stressed maize plants (Cramer and Quarrie 2001) , or a previous study of salt-stressed Brassica species (He and Cramer 1996) .
If tissue ABA concentrations cannot account for the growth reduction of salt-stressed plants, then what could possibly cause the reduction of leaf expansion? Also, why would ABA concentrations be so highly correlated in salt-stressed, wt plants? There are a number of possibilities. One possible explanation is that ABA and osmotic stress may act independently of each other (i.e. through independent, parallel responses), but converge on a similar control mechanism of cell expansion. For example, both ABA and osmotic stress reduce cytosolic Ca 2+ concentrations in expanding root cells of Arabidopsis (Cramer and Jones 1996) . Since cytosolic Ca 2+ is implicated in the control of exocytosis and growth (Battey and Blackbourn 1993; Thiel et al. 1994; Clark et al. 1995; Thiel and Battey 1998) , this mechanism represents a strong candidate for the similar action of osmotic stress and ABA. These effects are independent of each other, because cytosolic Ca 2+ is reduced to the same extent by osmotic stress in an ABA-deficient mutant of Arabidopsis (aba3 in that paper, now designated aba1-3) as it is in wt (Cramer and Jones 1996) . Thus, the reduction of cytosolic Ca 2+ must occur by different mechanisms or pathways. Salah and Tardieu (1997) argue that there is a transpirational component, in addition to an ABA component, which is responsible for the reduction of LER in drought-stressed maize leaves. Recent reports strongly support the hydraulic signal hypothesis (Nonami et al. 1997) and its interaction with a chemical or molecular signal (Munns et al. 2000a, b) .
Another possibility for the lack of differential effect of salinity on the ABA mutants is that ABA concentrations at the site of action for growth might not be affected by these mutations. Thus, while the ABA concentrations of aba1-3 are lower than wt, the concentration of ABA at the site of action might be unchanged compared with wt. When these plants are salt-stressed, the ABA concentrations at the site of action may all increase to the same extent for all genotypes.
In this study, genotypes capable of synthesizing normal tissue levels of ABA did improve the plants' ability to survive high salinity stress, perhaps by improving the synthesis of specific dehydrins (Cohen and Bray 1990; Chao et al. 1999) . ABA has been shown to affect specific polypeptides in response to salinity (Hurkman 1992; Zhu et al. 1997; Chen and Plant 1999; Jin et al. 2000) .
In osmotically-stressed plants there are ABA-dependent and ABA-independent pathways that affect gene expression (Ishitani et al. 1997; Shinozaki et al. 1998) . What is most interesting is that in the salt-stressed ABA-deficient mutant of tomato, flacca, there are no differences in its polypeptide patterns on 2-D gels compared with salt-stressed wt (Chen and Plant 1999; Jin et al. 2000) . Whereas in droughtstressed (polyethylene glycol-treated) plants, there is a significant interaction between ABA and drought in these polypeptide patterns (Jin et al. 2000) .
The effects of ABA on salt-stressed plants may involve interactions with another stress hormone, ethylene. ABA may maintain root growth in osmotically-stressed plants by reducing ethylene biosynthesis (Spollen et al. 2000) , and recent reports indicate that there are significant, but different, interactions between the ABA and ethylene signalling pathways affecting seed germination and root growth (Beaudoin et al. 2000; Ghassemian et al. 2000) and shoot growth . In two reports (Beaudoin et al. 2000; Ghassemian et al. 2000) , ABA appears to inhibit root growth by interacting with the ethylene response pathway, thus inhibiting growth by increasing the tissue sensitivity to ethylene, not by increasing ethylene concentrations. The reduced shoot size of aba1-3 in optimal growing conditions is most likely caused by an increased ethylene response, as it is in tomato .
The biochemistry of the aba1-3 mutant of Arabidopsis has been characterized (Léon-Kloosterziel et al. 1996; Schwartz et al. 1997) . Young seedlings of aba1-3 are deficient in ABA, including the response to drought (Léon-Kloosterziel et al. 1996) . Severe dehydration increased ABA 9-13-fold in wt plants. ABA concentrations were increased only 4-fold in aba1-3. The present study did not show such large differences between aba1-3 and wt. However, the ABA measurements were made at a much more mature stage. Léon-Kloosterziel et al. (1996) have isolated an ABA-deficient mutant (aba3-2) that is salt tolerant at germination. In their discussion of ABA and salt tolerance, they cite the work of Werner and Finkelstein (1995) as additional evidence of ABA mutants that have salt tolerance at germination compared with wt. However, one must be cautious, and not extrapolate salt tolerance at germination to salt tolerance of seedlings. Salt tolerance at germination is not necessarily indicative of salt tolerance at the seedling stage. Werner and Finkelstein (1995) also showed that although the same Arabidopsis mutants were more salt tolerant than wt at germination, there were no differences in salt tolerance in seedling or plantlet growth (dry weight, fresh weight and water content) after 5 d of osmotic or salt stress (two experiments were done differently -one where salt was imposed after germination to insure that growth was not affected by differential germination).
The ABA-insensitive mutants, abi1-1, abi2-1 and abi3-1, have reduced seed dormancy and increased withering under water stress conditions (Koornneef et al. 1984) . Wilting was observed in the plants in this study when they were removed from the growth chamber for harvest and were therefore clearly insensitive to ABA at this stage. Reduced sensitivity of seedling growth to applied ABA has also been observed in abi1-1 and abi2-1, but not in abi3-1 (E. Grill, pers. comm.). Abi1-1 is the most insensitive of the three genotypes to growth inhibition by ABA (Koornneef et al. 1984) , and its root growth is very insensitive to ABA during an early root growth stage (Meyer et al. 1994; Gosti et al. 1999) , similar to what was used in this study. The root growth of abi2-1 is also very insensitive to ABA (Rodriguez et al. 1998) . Despite their differences in ABA sensitivity, growth of all three genotypes was not significantly different from wt in response to salinity stress (Experiments 1-4 in this study).
In conclusion, there is some circumstantial evidence that ABA is involved in the salt tolerance of plants, particularly through survival protection at high salinity levels and high light intensity. There is also evidence that ABA concentrations increase in salt-stressed plants and that this is correlated with the growth reduction in some circumstances. However, in this study using ABA mutants, ABA tissue concentrations were reduced in the ABA-deficient mutant, and ABA signal transduction pathways and transpiration were affected in the ABA-insensitive mutants, but without altering the growth response to salinity, indicating that tissue ABA concentrations may not be solely responsible for the reduction of leaf expansion in Arabidopsis.
